
Chapter 2
Theoretical Background

2.1 Introduction

With respect to the literatures and previous researches, this chapter gives a
comparative overview of the major challenges faced when dealing with flood
hazard. First, definition, source and implication of digital elevation model are
explained, and then the focus is on application of different interpolation techniques
in drainage network estimation, coupled with advantages and disadvantages of
these methods and their application in different research fields. Flood hazard,
concepts, definition, types, and causes are defined in the next parts. This chapter
also provides a background to climate change and land use change from global to
local (Barcelonnette area) which was estimated and interpreted based on different
scientific researches.

2.2 Digital Elevation Model: Sources and Implications

Topography representing as digital elevation model (DEM) is an important land-
surface characteristic that affects most aspects of the water balance in a catchment,
including the generation of surface and sub-surface runoff; the flow paths followed
by water as it moved down and through hill slopes and the rate of water movement.
All of the spatially explicit fully distribute hydraulic and hydrological models as
well as hydrological decision support systems use topography (represented by
DEM of the area modeled) to derive bathymetry [1].

Many applications depend on the shape represented by the DEM rather than the
absolute elevation values. These include hydrological applications, for which an
accurate representation of surface drainage structure is critical [2, 3]. Computation
of terrain corrections to observed gravity data and remotely sensed data is another
important application that depends primarily on the representation of terrain shape.
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The measures of shape most commonly used are slope and aspect of the down
slope direction [3].

According to Vaze et al. [1] and Teng et al. [4] DEM is used to derive some key
information which is important in distributed hydraulic and hydrological models;
such as flow paths; dispersion; and accumulation of water, terrain slope, drainage
networks, drainage divides, and catchment boundaries. Vaze et al. [1] also com-
pared the traditional methods of topographic maps, field surveys or photographic
interpretation with the application of DEMs. Vaze et al. [1] concluded that DEM is
an effective way to present ground surface and extract the hydrological features;
thus bringing advantages in terms of processing efficiency, cost effectiveness, and
accuracy assessment. Burrough and McDonnell [5] defined DEM as ‘‘any digital
representation of the continuous variation of relief over space’’. Wood [6] also
defined DEM as ‘‘a computer representation of the earth’s surface which is pro-
vided a base data set from those topographic parameters that can be digitally
generated’’. Alternatively, the DEM could be used in mapping the possible loca-
tions of an endangered species whose habitat is altitude dependent. Here, the
resultant value for each grid cell may be either the elevation of the center point of
the grid cell or the average height of the area covered by the grid cell. The actual
characteristics of a grid can be adapted to suit its major application. For instance,
the application of the grid may require that all local high points (hills or moun-
tains) in the source data be retained in the grid. Technically, Olivera et al. [7] have
another definition for DEM; they defined DEM as an array of squared pixels or
cells with an elevation value specific to each pixel. They said that DEM is com-
monly used in automated drainage analysis methodologies due to its inherent
simplicity characteristics of the data structure. Point elevation information in DEM
which is a representation of the terrain, can be of two types—a. irregular and b.
gridded (Fig. 2.1) [3]; a. An irregular spaced DEM is often interpreted as a
triangular irregular network (TIN). TIN represents a surface as a set of irregularly
located points linked to form a network of triangles with z-values stored at the
nodes.

Fig. 2.1 Comparison
between two terrains.
a Irregular DEM. b Gridded
DEM
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The terrain is simulated as a series of planar triangular facets produced by joining
all the adjacent points. The assumption that the surfaces are planar is adequate if the
points have been chosen at changes in grade in the terrain. The accuracy of the TIN
model can be improved by the addition of break lines. These lines represent dis-
continuities in the terrain surface such as cliffs, ridges, and streams and they indicate
where interpolation between adjacent points is invalid [3]. b. In a gridded DEM, the
elevation points are spaced at a regular interval to create a grid or lattice [3]. DEM
represents a surface as a regular grid of locations with sampled or interpolated values.

By incorporating stream lines and cliff lines, a gridded DEM can represent all
the discontinuities that can be represented by a TIN and has the significant
advantage of being directly compatible with other sources of natural resource data
in grid form. It is also readily used by many grid-based applications [3].

Where the gridded DEM has been derived from a primary data source such as
contours or a TIN, then the direct relationship between the elevation value and the
actual value on the ground, at the respective location, is dependent on the
algorithm used to interpolate the grid and the resolution of the grid itself.

The DEM, as its name indicates, is a model of the elevation surface. However,
the DEM is often not treated as a model, but is commonly accepted as a ‘‘correct’’
representation of the earth’s surface. But, it should not be neglected that DEM
data, like other spatial data sets are subject to error. The estimation of errors in a
DEM is often not evaluated by DEM users and applicants [8]. Where the DEM is
directly observed from aerial photogrammetry or a field survey, the elevation value
is truly representative of the value that is found on the ground at the location of
that point, provided there is no significant measurement error.

Significant measurement errors can arise due to ground cover by vegetation and
buildings, especially when elevations are measured by aerial and space-borne
platforms. These measurements are also affected by complex terrain [9]. This is
necessary if the DEM were to be used for aircraft flight planning where the
minimum flying height of the aircraft is critical. This could also aid the sitting of
signal transmitters and receivers, although high points could then have errors in
horizontal position by up to half of one grid interval [3]. In areas away from peaks,
these values are approximately the same. In general, Burrough [10] and Wise [23]
listed the possible errors in DEM data sets as the following:

• Data errors due to the age of data, incomplete density of observations, or results
of spatial sampling.

• Measurement errors such as positional inaccuracy, data entry faults.
• Processing errors such as numerical errors in the computer, interpolation errors,

or classification and generalization problems.

DEM is usually produced form sampled or observed data points that are used as
its source. The contour lines themselves may represent a model of terrain. It can
also be acquired directly, for instance photo grammatically from a stereo model or
indirectly, from analog cartographic data, satellite images or by field surveying,
and so on. Ideally, the data sources are applied without application of interpolation
techniques. Application of interpolation techniques is not necessary if the data
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sources are very accurate, precise, and have high density, especially if the data are
derived directly into a regular grid (DEM) [3, 11].

The quality of a derived DEM could vary largely depending on the data source
and the interpolation technique. The desired quality also depends on which
application the DEM is used; although, a DEM created for one application is often
used for other purposes. Therefore, to create any DEM, it is necessary to consider
the best available data sources and the best processing technique.

Spurious sinks or local depressions in DEMs are frequently encountered and are
a significant source of problems in hydrological applications. Sinks may be caused
by incorrect or insufficient data, or by interpolation techniques that does not
enforce surface drainage. They are easily detected by comparing elevations with
surrounding neighbors [11]. Therefore, detection of spurious sinks features or local
depressions in DEMs can lead to improvements in DEM generation techniques as
well as detection of errors in source data as indicated above [12].

More subtle drainage artifacts in a DEM can be detected by performing a full
drainage analysis to derive catchment boundaries and streamline networks, using
the drainage networks creation techniques [13]. Since, applications of DEMs
depend on representations of surface shape and drainage structure, absolute mea-
sures of elevation error do not provide a complete assessment of DEM quality [2].
Based on the above description about DEM error, it is necessary to make it clear
that, in science, the word ‘‘error’’ does not carry out the usual meaning of the term
‘‘mistake’’ or ‘‘blunder’’. The error in scientific measurements means the inevitable
uncertainty. As such, errors are not mistakes; the scientists cannot eliminate them;
therefore, the best thing to do is ensure that errors are as small as reasonably
possible with reliable estimate of how large they are [14]. To this purpose, the
starting point in this research was statistical, spatial and hydrological controlling,
estimating, and correcting the possible errors in the DEM [15] which will be
explained in the next sectors.

2.3 Interpolation Techniques in Drainage Network
Estimation

Interpolation methods often assume data points are correct and accurate, but it is
assumed that these data points may be subjected to error [5]. The models appli-
cation to estimate the unknown points may predict the data points exactly
(go precisely through the sample data points) or inexactly (approximate the values
at the data points). If the observed data points are relatively sparse and irregular or
widely spread, interpolation needs to be more sophisticated than for dense,
regularly spaced data. The principles of interpolation are shown in Fig. 2.2.

However, regularly spaced data may be subject to bias due to intrinsic fre-
quencies in the data [5]. An interpolation method is working globally, if all data
points are evaluated in the interpolation. Local interpolation techniques use only
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data points in a certain neighborhood of the estimated point [16]. The selection of
interpolation methods depends primarily on the nature of the variable and its
spatial variation [16].

There have been many studies that compare the effectiveness of alternative
interpolation techniques, using a wide range of different test datasets and condi-
tions. Overall, it has been found that a number of well-defined factors have a major
influence on the quality of interpolation: data measurement accuracy; data density;
data distribution; and spatial variability.

These factors are fairly predictable findings, but prior examination of each of
these elements may assist in choosing the most appropriate technique for the problem
at hand and/or be used in guiding sampling of new or supplementary data sets.
Interpolation quality can often be substantially improved through the use of ancillary
information, such as remote sensing data or additional environmental information
(e.g., location of stream networks) [17]. Having obtained the best possible data set,
within budget and time constrains, achieving the maximum usage and value is very
important. Hence more general spatial interpolation is required [17]:

• To convert from one level of data resolution or orientation to another (resam-
pling). Usually, resolution is reduced to the coarsest in a set, but resolution can
be increased using a suitable interpolator.

• To convert from one representation of a continuous surface to another, e.g.,TIN
to grid or point or contour to grid [17].

There are two interpolation techniques; Deterministic and Geostatistical:

• Deterministic interpolation is directly based on the nearby measured values or
on specified mathematical formulas that determine the smoothness of the
resulting surface.

• Geostatistical interpolation is based on statistical models that include autocor-
relation (statistical and spatial relationships among the measured points).

Different interpolation techniques characteristics are summarized in Table 2.1
[17, 19]:

x

y

z

(x ,y )1 1

(x ,y )2 2

(x ,y )3 3

z1

z   ?0

z2

(x ,y )0 0

z3

Fig. 2.2 The principles of
interpolation technique [16]
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Application requirements play an important role to expected characteristics of
the used DEM. For example, it is not necessary to use high geomorphologic
quality of DEM for regional, small-scale analysis and for calculating average
altitudes. But geomorphologic accuracy is more sensitive for visibility analyses
and even more for analyses that uses algorithms bases on derivates like slope,
aspect, cost surface, drainage, path simulation, and so on [15].

Interpolation techniques based on the principles of spatial autocorrelation,
which assumes that objects close together are more similar than objects far apart.
On the edges of the interpolated area extrapolation is also reasonable. Unfortu-
nately, no one of the interpolation techniques is universal for all data sources,
geomorphologic phenomenon or other purposes. It is necessary to be aware that in
the praxis, different interpolation methods and interpolation parameters on the
same data sources lead to different results. The best chosen algorithms on fair data
sources should not differentiate much from nominal ground, that is idealization of
our desired model and which is commonly similar to the actual Earth’s surface.
Divergences between results of interpolation and from nominal ground are espe-
cially consequences of the following circumstances [15]:

• Available data sources do not approximate terrain distribution, density, accu-
racy, etc., of the sources is not appropriate.

• Selected interpolation algorithm is labile (is not robust enough) on the employed
data sources.

• Chosen, interpolation algorithms or data structure, are not suitable for selected
terrain geomorphology or application.

• Perception or interpretation of the Earth’s surface (better: nominal ground) is
not the same when more DEM operators work on the same problem; operator’s
own imagination is common and a reasonable problem in DEM production [15].

Application requirements play an important role to expected characteristics of
the used DEM. For example, it is not needed high geomorphologic quality of DEM
for regional, small-scale analysis and for calculating average altitudes. But geo-
morphologic and hydraulic accuracy is more sensitive for visibility analyses and
even more for analyses that uses algorithms bases on derivates like slope, aspect,
cost surface, drainage, path simulation, bathymetry of the river, and so on [15].

In the most cases, a very high quality DEM should cover all application
demands. So it is preferable to find a good and robust interpolation algorithm.
Even if a more generalized surface is required, DEM with high detail can be
simplified to the required quality. It should be noticed that appropriate general-
ization methods are very important for producing required DEM. Commonly these
methods are complex [15].

The quality of a derived DEM can vary greatly depending on the data source
and the interpolation technique. The desired quality depends on the application for
which the DEM is to be used, but a DEM created for one application is often used
for other purposes.
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Any DEM should therefore be created with care, using the best available data
sources and processing techniques. Efficient detection of spurious features in
DEMs can lead to improvements in DEM generation techniques, as well as
detection of errors in the source data, as indicated above.

Since most applications of DEMs depend on representations of surface shape
and drainage structure, absolute measures of elevation error do not provide a
complete assessment of DEM quality [20, 21]. A number of graphical techniques
for assessing data quality have been developed. These are nonclassical measures of
data quality that offer means of confirmatory data analysis without the use of an
accurate reference DEM [23].

2.4 Flood hazard: Concepts and definitions

World meteorological organization (WMO) [22] reported that floods events are
among the most common, costly and deadly of natural hazards and have been a
major concern to people residing near rivers and coastal areas throughout history.
Despite the great developments in science and technology in recent decades, the
hazards of flooding have not been eradicated [24].

According to the European Parliament and the Council of the European Union’s
directives, the ‘‘floods’’ means the temporary covering by water of land not nor-
mally covered by water. This shall include floods from rivers, mountains torrents,
Mediterranean ephemeral water course, and floods from the sea in the coastal areas
and may exclude floods from sewerage systems [25].

UN-ISDR [26] also defined flood hazard as the ‘‘potentially damaging physical
events, phenomenon or human activity that may cause the loss of life or injury,
property damage, social and economic disruption or environmental degradation’’.

Wassef and Aysan [27] discussed the geographical distribution of disasters and
compared the flood hazard to other natural phenomenon in their research and
found floods as the worst phenomenon that affected people’s lives. According to
Davis [28] investigation, there were 118 major flood events from the biblical
deluge to the present, and Wasseff [29] also listed 87 floods during the period of
1947–1991 which resulted in homelessness of at least 50,000 people. In 1887, one
of the worst recorded flood event occurred along the Yellow River in China. This
flood resulted in at least 1.5 million deaths and caused as many as 10 million
homeless ([28]. During 1982–1991, flood events left approximately 21,000 deaths
per year and affected 73 million persons per year [27]. The investigation results of
Wijkman and Timberlake [30] and Wasseff [26] indicate that since 1960, each
passing decade shows an increase in the number of flood disasters, and the number
of people which were affected by these flood events. Yen and Yen [31] has also
shown that relative flood damages in the USA as a fraction of the annual Gross
National Product, which expressed a declining trend between 1929 and 1993.
More recently, flooding has occurred in Pakistan in 2010, which has directly
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affected approximately 20 million people, mostly by destruction of property,
livelihood and infrastructure, and left about 2,000 dead [22].

Climate change as huge natural variability and long-term persistence phe-
nomenon is realized as an important factor which affects on flood events but make
it difficult to realize any trends in extreme weather events. During recent decades,
flood damages in Europe have increased considerably [32]. According to previous
investigations which have focused in Europe, in a large part, this increasing trend
in flood hazard can probably be also attributed to human behavior, such as
developing urbanization in flood plains [33].

2.5 Types and Causes of Flood Events

Lowland flood-prone areas can be found all over the world, along the coasts, in the
river floodplains, and as inland depressions. Generally, they are basically unsuit-
able for development by their nature; sensitive areas with high physical conditions
and environmental value. However, due to their strategic location and/or suitability
for agriculture activities, there is often a tremendous pressure to develop these
areas for various type of land use beneficial purpose. Therefore, a rapid population
growth, significant increase in agricultural exploitation, urbanization, and indus-
trialization may be observed in these lowland and flood-prone areas. Due to this,
Schultz [34] mentioned that such areas become increasingly vulnerable from
extreme weather conditions that will have their effect on the requirements for any
drainage and flood-hazard management.

Floods include river floods, urban floods, coastal floods, and sewer floods. They
can be caused by meteorological major causes such as; (a) Intense and/or long
lasting precipitation or rainstorms on a small scale which cause flash floods.
According to WMO [35, 36], flash floods typically occur by convective precipi-
tation at high intensity, in short duration (less than 2–6 h) and limited aerial extent
(less than 1,000 km2); (b) widespread storms, which are caused by flooding on a
regional scale. For regional flooding, the range of rainfall duration may differ from
several days to a week or, in exceptional cases (in very large watersheds), may be
associated with multiple storms occurring over a period of several months, such as
in the 1993 flood in the Upper Mississippi River basin or the 1998 flood in the
Yangtze River basin. Other meteorological causes of floods may be grouped into
(c) Snowmelt; and (d) Reduced conveyance due to ice jams or landslides broad
categories. Snowmelt floods are the result of three factors. The existence of the
snowpack (aerial extent and depth), its condition (temperature and water content)
and the availability of energy for melting snow. Snowmelt occurs when energy is
added to a snowpack at 0 �C. In snow-dominated regions, some of the largest
floods are caused by warm rain falling onto a snowpack at this temperature. In very
large, snow-dominated watersheds, the annual peak flow is nearly always caused
by snowmelt, whereas either snowmelt or rainstorms can cause the annual peak in
small or medium-sized watersheds. In the cold regions, extreme high water stage
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can be caused by snow obstructing very small channels or ice jams in large rivers.
In the case of rainfall or snowmelt flooding, natural processes can be exacerbated
by watershed changes that enhance runoff production, cause flows to move more
rapidly into the channel, or cause flows to move more slowly or more quickly
within the channel. Thus, deforestation, overgrazing, forest or bush fires, urbani-
zation and obstruction, or modification of drainage channels can be extensive or so
severe as to have a significant effect on flooding.

Tropical cyclones produce hazards from storm surges, to wind and river
flooding. Earthquakes and volcanic eruptions can produce landslides that cause
flooding by damming rivers. Volcanic eruptions are associated with hazardous
mudflows, and volcanic ash may cause flooding by choking river channels. From a
natural hazard perspective, there are important similarities between river flooding;
lake flooding; flooding resulting from poor drainage in areas of low relief; and
flooding caused by storm surges (storm-induced high tides), tsunamis, avalanches,
landslides, and mudflows. All are hazards controlled, to some extent, by the local
topography, and to varying degrees it is possible to determine hazard-prone
locations. Mitigation and relief efforts are also similar [22].

Although the influence of these causes could be strongly affected by some other
factors, for example, rainfall and sea levels are two major causes of floods, and are
natural and uncontrollable phenomena. However, these natural phenomena which
results in flood damage are very much influenced by human behavior such as:
deforestation in the upper catchment area, straightening of rivers and suppression
of natural flood plains, inadequate drainage practices, and extensive building in
high risk flood areas [37]. Apart from nonclimatic factors that affect flood events,
there have been adverse flood-hazard changes due to climate change, e.g.,
increasing potential for intense precipitation in the warming world. The scientists
in WMO also believe that there is no doubt, with currently available scientific data,
that climate is changing in the sense of global warming. Global warming, whatever
be the eventual magnitude, will very certainly affect the location, frequency, and
strength of meteorological hazards [22].

Nonetheless, this research deals with the Ubaye River floods, thus river flooding
will be the focus of this research. Floods along the rivers are natural and an
inevitable part of the resident’s life. River Floods depend on precipitation inten-
sity, volume, timing, antecedent conditions of rivers, and their drainage basins
(e.g., presence of snow and ice, soil character, wetness, urbanization, and existence
of dykes, dams, or reservoirs) [38–40]. Some floods occur seasonally with winter
or spring rains; coupled with the melting of snow, the river basins would fill with
too much water too quickly. Torrential rains from decaying hurricanes or tropical
systems can also produce river flooding [41]. Communications from the com-
mission to the council (the European parliament) report that river floods also may
occur whenever the capacity of the natural or man-made drainage system (such as
dams, dykes) is unable to cope with the volume of water generated by rainfall, or
when flood defenses fail. These are of the most common causes for river flooding
in Europe [37]. Damaging floods will increase magnitude, when the capacity of the
main conveyance of the river channel is exceeded. The main conveyance may be
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the primary channel of a river without dykes or the area between the dykes for a
river with dyke. The capacity of the channel may be exceeded as a result of
excessive flow distribution or ice or debris jams which could block the flow.

According to theoretical background and previous research regarding to flood,
it is widely acknowledged that anthropogenic behaviors affect floods and flood
hazards. Land use change can affect the amount of runoff for a given storm and
the rapidity with which it runs off. Human occupancy of floodplains increases their
vulnerability due to exposure to flood hazards. Dams, levees, and other channel
alterations affect flood characteristics. Increased occupancy of floodplains and
larger floods due to deforestation and urbanization has been attributed also to
increase flood damage. Deforestation and urbanization increase flooding because
they decrease the capacity of the land to absorb rainfall. It is customary to
assume that flood hazards are stationary, i.e., they do not change with time.
Climate change, anthropogenic influences on watersheds or channels, and natural
watershed or channel changes have the potential, however, to change river flood
hazards.

2.6 Climate Change and its Variability in Europe

In the past, destructive flooding maybe caused by only extremely heavy precipita-
tion. Nowadays, less extreme precipitation may lead to a serious floods event [42].
Therefore, apart from nonclimatic factors that have affected flooding, there have
been adverse flood-hazard changes due to climate change, e.g., increasing potential
for intense precipitation in the warming world. The scientists in WMO also believe
that there is no doubt, with currently available scientific data, that climate is
changing in the sense of global warming. Global warming, whatever be the eventual
magnitude, will very certainly affect the location, frequency and strength of mete-
orological hazards [22]. Many investigators believe that climate change is expected
to have substantial impacts on hydrology on global, regional, and local scale [43,
44]; Andréasson et al [43]; [38–40, 40, 46]. There is also strong evidence that rainfall
changes associated to global warming are already taking place on global and
regional scale. The trend was globally positive throughout the twentieth century,
although large areas were characterized by negative trend [38–40]. Since the report
of Intergovernmental Panel on Climate Change [47] raised this question that ‘‘Has
the climate become more variable or extreme?’’ Analyzing trends in climate extreme
parameters have received increasing attention from many researchers in a variety of
climatological and hydrological studies. Several previous studies concerning long-
term climatologically trends have focused on surface air temperature and precipi-
tation. For example, Lettenmaier et al. [48] analyzed trends in precipitation, over the
continental USA by applying the Mann–Kendall test, the results of his research
showed an increase in precipitation during autumn in a quarter of the entire stations.
Increasing trend in precipitation was reported by some other researchers in Australia
and New Zealand [49, 50] and Argentina [51]. On the other side, decreasing trend in
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precipitation was the result of research which was found in the Russian Federation
[52], China [53], Turkey [54], and Africa [55, 56].

Heino et al. [57] have distinguished that there is an increasing trend in mini-
mum temperature almost everywhere and increasing trend in maximum and mean
temperature in northern and central Europe. Over the Russian Federation, Canada
[58] and in Australia and New Zealand an increasing trend in maximum and mean
temperature was also observed [49]. These results confirm the outcomes of
Smit et al.’s investigation [59] which indicate that mid-latitude regions such as the
mid-western USA, southern Europe and Asia are becoming warmer and drier,
whereas the lower latitudes are becoming warmer and wetter.

IPCC [38–40] reported that, during recent decades, precipitation has tended to
increase in mid-latitudes, decrease in the Northern Hemisphere subtropical zones,
and increase generally throughout the Southern Hemisphere. Lettenmaier et al.
[48], Türke [54], Zhang et al. [60], Gonzalez Hidalgo et al. [61], Gong et al. [62],
del Rio et al. [63], and Partal and Kahya [64] are some examples of the researchers
who have investigated recent rainfall trends and confirm the IPCC claim about
increasing and decreasing precipitation over the mentioned locations. Extreme
temperature series have also received increased attention during the last decades of
the twentieth century [65, 66].

The research analysis on temperature records across the world indicates there
has been an increase in the mean global temperature of about 0.6 �C since the start
of the twentieth century [67–69]. Mearns et al. [70] and Hansen et al. [71] con-
cluded that small change in the mean temperature could produce substantial
changes in the frequency of the extreme temperature. Increase in temperature trend
of the planet has been particularly observed since 1920s [72].

According to IPCC and recorded investigations of previous researches, many
regions over Europe are vulnerable to climate change impacts. The updated report
of European environment agency (EEA) and intergovernmental panel on climate
change (IPCC) confirms that the warming trend in Europe was above the global
average mentioned since pre-industrial times. During the twentieth century, most
of the Europe experienced increasing trend in average annual surface temperature
with the stronger warming in winter which was observed over most regions. The
1990s were the warmest in the instrumental record.

According to IPCC [38–40], there was a 10–40 % increasing trend in precipi-
tation in the twentieth century in northern Europe but, on the other hand, there was
up to a 20 % decreasing trend in the southern part of Europe. IPCC also realized a
global rising in temperature from 1.8 to 4.0 �C (3.24–7.2 F) in the twentieth cen-
tury. This Projection over Europe also showed a 1.0 and 5.5 �C (1/8–9.9 F)
increasing trend in temperature. This report also emphasized that there was more
frequent, intense, and increasing number of hot extremes and a decreasing number
of cold extremes over the past 50 years, and these trends are projected to continue.

According to updated information of Jones and Moberg [73] the warming trend
between 1901 and 2005 throughout Europe was established at +0.90 �C and
precipitation trends were more spatially variable. Table 2.2 shows trend analysis
throughout Europe between 1977 and 2000.
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Figures 2.3 and 2.4 show observed changes in annual precipitation and tem-
perature between 1961 and 2006 over Europe, which was reported by EEA.

According to the robust result of IPCC [38–40], a downward trend in summer
precipitation in southern Europe, accompanied by upward trend in temperatures,
which enhance evaporative demand, would inevitably lead to reduced summer soil
moisture [74]. Figure 2.4 shows the European mean annual temperature deviations

Table 2.2 Trend analysis results throughout Europe between 1977 and 2000

Location Trend Source

Throughout Europe Increasing trend in temperature about
+0.90 �C

[73]

Central and north-eastern
Europe and in
mountainous regions

Increasing trend in temperature is
higher. Higher trend of daily
temperature due to an increase in
warm extremes, rather than a
decrease of cold extremes.

Böhm et al. [136]; Klein
Tank and Können
[137]; [73, 136, 137]

Mediterranean region Increasing trend in temperature Böhm et al. [136]; Klein
Tank and Können [137]

In most parts
of the continent

Lower trend in mean precipitation
per wet day.

[136, 138, 139]

In most of Atlantic and
northern Europe

Increasing in mean winter precipitation [136]

Mediterranean area Negative trend in annual precipitation
in the east, while they are non-
significant in the west.

[140]

Fig. 2.3 Observed change in annual rainfall 1961–2006 (Source EEA’s ‘‘Global and European
temperature’’ core set indicator, based on gridded data from CRUTEM3, climatic research unit
and KNMI‘s climate explorer)

24 2 Theoretical Background



which are in the source in relation to the base period between 1961 and 1990. To
better monitor the EU objective not to exceed 2 �C above pre-industrial values, the
annual deviations shown in the chart have been adjusted to be relative to the period
between 1850 and 1899. Over Europe, average annual temperatures during the real
pre-industrial period (1750–1799) were very similar to those during 1850–1899.

Figure 2.5 shows the 10 year moving average of the annual, winter (December,
January and February) and summer (June, July and August) mean temperature
deviations in Europe 1860–2009. It seems that since 1990, the annual, summer and
winter variables trend in temperature over Europe was increasing. Observed
temperature change over Europe 1976–2006 is shown in Fig. 2.6.

In all figures, the increasing trend in temperature over Europe is obviously
clear. The increases for winter in northern Europe and in summer for southern
Europe were higher.

The IPCC report also mentioned that Europe’s climate was already being
affected by warming in several ways; for example, the snow cover has decreased
by 1.3 % per decade in the last 40 years.

According to IPCC [75], WMO [22] and McCarthy et al. [76] the strongest
potential impact of climate change on human settlements is believed to be flooding
[75, 22], McCarthy et al. [76]. Climatic parameters are one of the most important

Fig. 2.4 European annual average temperature deviations, 1850–2009, relative to the 1850–1899
average (in oC). The lines refer to 10 year moving average, the bars to the annual ‘‘land only’’
European average; (Source EEA’s ‘global and European temperature’ core set indicator, based on
gridded data from CRUT)
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triggering factors for floods event. The trend analysis of hydrological and mete-
orological series is important, even more relevant when considering the regional
effects of global climate change [22, 77]. As the atmosphere’s water holding
capacity increases with temperature, the intensified potential for extreme precip-
itation events augments the risk of inundations caused by sustained rainfall over
most land areas [39, 78], especially in areas where flooding is typically triggered

Fig. 2.5 Annual, winter (December, January, February) and summer (June, July, August) mean
temperature deviations in Europe, 1860–2009 (�C). The lines refer to 10 year moving average
European land; (Source EEA’s ‘‘global and European temperature’’ core set indicator, based on
gridded data from CRUTEM3, climatic research unit and KNMI‘s climate explorer)

Fig. 2.6 Observed temperature change over Europe 1976–2006; (Source EEA’s ‘‘Global and
European temperature’’ core set indicator, based on gridded data from CRUTEM3, Climatic
Research Unit and KNMI’s climate explorer)
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by intense summer rain [33]. Alternatively, decreases in snow and river-ice cover
reduce the frequency and severity of snowmelt-related and ice-jam floods [79–83].
To date, relatively few researches have made a quantitative assessment of the
potential impacts of climate change on extreme river flows in Europe. These
studies were applied in some regions by different scientists; UK: Kay et al. [84];
Scandinavia: Graham et al. [85]; the Benelux countries: Booij [86]; and Germany:
Shabalova et al. [87]. While some of the investigators realized an increasing trend
in flood frequency and intensity, the other investigators found a decreasing trend.

Application of different climate scenarios as well as hydrological models made
it difficult to compare the results and to make a picture at a European scale. Lehner
et al. [88] analyzed the changes in flood frequencies due to global climate change
over Europe, and found northern to north-eastern Europe to be mostly affected by
global climate change, and distinguished an increasing flood risk in those areas.
However, their investigation was based on applying the climate change signal of
two different general circulation models (GCMs), not based on an observation-
based dataset. They also did not take into account a potential increase in climate
variability [88].

Additionally, from natural features point of view in the climate systems, the
global climate change is also related to anthropogenic influences [89, 90]. The
effect of human beings on hydrological time series therefore should be of great
attention around the world. The example of increasing temperature and decreasing
precipitation since the mid1960s as a result of deforestation was presented by
Kothyari and Singh [91]. Similarly, Meher-Homji [92] showed decreasing pre-
cipitation trends because of increasing deforestation. Sharma et al. [90] also
showed some evidence of increasing temperature and decreasing precipitation and
discharge particularly during low flow season, as a result of land use change, and
anthropogenic effects.

2.7 Climate Change Scenario for Barcelonnette Area

For Barcelonnette area, there are only a few studies about estimation of climate
change scenarios with focusing on landslide. In one example, influence of climate
change scenario on slope hydrology and landslide frequency is investigated by
Malet et al. [93].

They applied climate change scenarios of GCMs and analyzed a future scenario
for the period of 2069–2099 based on observed data between 1969 and 1999. The
results of impacts of climate change based on the A2 scenario are shown in the
Fig. 2.7. According to Malet et al. [93], the main results from this investigation for
Southeast France ere: (a) higher temperatures in summer; (b) more rainy winters;
(c) drier summers; and (d) a decrease in soil water content.

In another example, Buma and Dehn [94] investigated also the prediction
of climate change impact on slope stability using downscaled climate data and
slope hydrology/stability model. They applied three scenarios for the period of
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1971–2000; 2021–2050 and 2069–2099 according to the observed data between
1928 and 1970. In this research, they found a decreasing in local winter precipi-
tation in Barcelonnette area. Buma and Dehn [95] in another study investigated the
effects of climate change on landslide in South East France. They found that
precipitation increased in winter and spring, and decreased in summer and autumn,
using the reference period of analog-downscaling with HCGS between 1950 and
1979.

(a) 

(b)

Winter Spring

Summer Autumn

Winter Spring

Summer Autumn

Fig. 2.7 Impacts of climate change based on the A2 scenario of GIECC. a Changes in
temperature. b Changes in precipitation [93]

28 2 Theoretical Background



2.8 Land Use Change and Anthropogenic Factors

Apart from climatic factors that have affected floods (as mentioned in Sect. 2.6),
according to Kundzewicz and Schellnhuber [96] another significant reason, for
increasing flood hazards can be related to nonclimatic anthropogenic factors:
Changes in socioeconomic systems include land-use changes such as deforesta-
tion, urbanization, elimination of floodplains area, as well as river regularizations
[96], which lead to reducing of water storage, reducing of infiltration capacity, and
increasing of runoff coefficient [97]. WMO [22] also reported that the first category
of nonclimatic anthropogenic factors effects resulting from human actions which
have affect on the ecosystem changes are deforestation and urbanization. These
lead to changes in the ecosystem that magnify the consequences of heavy pre-
cipitation, converting this precipitation into floods of a greater severity than
otherwise would have resulted [22].

Xiaoming believes that land use change is a major reflection of the land eco-
system change, which will then lead to the hydrology regime changes. The
hydrology regime changes can then feedback on environmental and land use
change, which generates a complex and international system.

By floodplain development, increasing accumulation of population and wealth
in flood-prone areas, humans have been driven to occupy unsafe areas (e.g.,
informal settlements on floodplains), thereby increasing the loss potential.

Where urbanization occurs on the floodplain, the ability of the floodplain to
attenuate a flood peak by promoting storage, infiltration, and alternative flow
pathways is reduced. This effect is greatly enhanced where flood defenses are
erected; such structural measures may also cause residents to lose their sense of
natural river dynamics and reduce the perceived risk for further development [98].

The history analysis of urban growth indicates that urban areas are the most
dynamic places on the earth’s surface. Despite their regional economic impor-
tance, urban growth has also a considerable impact on the surrounding ecosystem
changes [99]. In the last few decades, an increase in urban areas has occurred in
the world, and demographic growth is one of the major factors responsible for
these increasing changes. By 1900 only 14 % of the world’s population was
residing in urban areas, but it had increased to 47 % by 2000 [100]. Urban growth
is a common phenomenon in almost all countries over the world. Currently,
increases in urban areas are the major environmental concerns that have to be
analyzed and monitored for any future planning.

Urbanization and its increasing trend may have particularly severe influences
on small catchments, where a high percentage of the catchment area may undergo
a change in land use within a short time period. In a larger catchment, the effects of
land use change would to a greater extent be damped by the remainder of the
catchment area [101–103]. Since the end of the 1960s, the scientific literature
reported the results of studies on the possible effects on the fluvial regime of
intense deforestation and urbanization which had occurred in some drainage basins
of the United States [104]. Some previous studies also have analyzed the effects of
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intensive land use change, such as the construction of roads close to the rivers in
mountainous areas (as a type of land use change and anthropogenic activity), can
induce on the river runoff which then increase [105].

These studies highlighted that the hydrological effects of human activity are
strictly dependent on the extension of the area affected by the man made inter-
vention. For instance, similar analyses were performed in a tropical watershed by
Costa et al. [106]; he realized that a deforestation of about 30 % in the basin
induced a 24 % increase in annual mean discharge. Therefore, it might be con-
cluded that land use change, in particular deforestation, has been credited with
causing important increases in the frequency and severity of flood events. In
another simulation, the research performed by Brath and Montanari [107], the
higher sensitivity to land use change of the low flows has been also investigated.
Recently, Naef et al. [108] reached similar results and conclusions by addressing a
river basin located in Germany. They found that the flood runoff reduction by land
use change can be remarkable in the presence of rapid run-off production only. In
the last two decades, a lot of research has been carried out to estimate the effects
on the hydrological cycle induced by vegetation cover changes, with particular
emphasis on deforestation consequences [109], urbanization of bottom valley areas
[110], construction of roads in forests [111, 112], and conversion of wooded areas
to pasture [113]. In recent decades, the scientific investigation shows that a lot of
inundation has occurred in Europe causing loss of human lives and financial
damages which have been aggravated, in several cases, by the intense urbanization
of flood-prone areas [114]. Based on the European parliament’s report, land-use
changes in Europe have lead to a reduction in the storage volume and an increase
in the run-off coefficient. Sullivan et al. [115] studied a basin in Cornwall which
had a significant increasing trend in magnitude and frequency of flood flows, but
only a weak decreasing trend in rainfall. Although they suggested that the
increasing in flood flows could be attributed to land-use change. Other researchers
have also suggested that this interaction of different forcing factors could be
exploited, for example by offsetting urbanization with forestation, or climate
change by land-use change [108, 116, 117, 118]. The effect of land-use change was
studied also by Bultot et al. [119], who analyzed the influence of land use on the
water balance of the near surface soil layer by applying a conceptual rainfall–
runoff model to a Belgian river basin. They concluded that the presence of veg-
etation can induce effects on the river flows that are more evident in arid climates
where the vegetation cover causes a reduction of the river discharge that is more
marked for the lower river flows. Increases in urban areas tend to increase the
responsiveness of an area to a rainfall event, usually leading to flash flooding and
increased maximum rates of stream flow. Infrastructure planning and implemen-
tation, as part of a regional development plan of an urban area, contributes greatly
to mitigate damages of flood events. It should be considered that while
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infrastructure planning and implementations reduce flood damage from small and
medium floods; they can induce catastrophic floods when they start to fail. For
example, if dykes or levees fail, they can cause a false sense of security on public
and residential parts in flood-plain areas. As noted by Eiker et al. [120] for flood-
mitigation projects, the question is not if the capacity will be exceeded, but what
are the impacts when the capacity is exceeded. Thus, land-management planners
and the public must fully understand the consequences when the dykes or dam
fails.

2.9 Historical Changes in Land Use in Barcelonnette Area

One of the reasons for deforestation during the seventeenth century in France was
that the forests were considered as an economic resource spatially for the con-
sideration of warships. The dramatic consequences of deforestation led to
increasing of land degradation and mass movement occurrence [121]. Many
authors have addressed in their investigations to deforestation in the floodplains of
the rivers in south-eastern France in the late eighteenth and nineteenth centuries
[122]. In contrast, with the vegetation explosion of the early twentieth century,
changes were observed over shorter time periods and in smaller areas, in the
riparian forest active channel contacts. Table 2.3 summarizes previous investiga-
tions on land use, channel morphology and population change during eighteenth,
nineteenth, and twentieth centuries in whole catchment:

Bravard [123] by investigation on previous research concluded that anthropo-
genic factors played a major part in initiating active channel restriction at the turn
of the century, with climate change as a secondary factor. Slopes were stabilized
through extensive reforesting, torrent control measures, and progressive aban-
donment of agro-pastoral activities, thereby reducing peak flow and bed-load
supply. Bravard [123] also confirmed the importance of natural and anthropogenic
factors in riparian vegetation in his research. The evolution of the Ubaye Riverbed
at the turn of the twentieth century provides an instructive example of short-term
watershed influence on a river segment. As shown by Schumm [124], channel
geometry is equally adjusted to external factors and is modified at the same time as
riparian vegetation. Channel deepening and narrowing on the major part of the
Ubaye course was noted, as well as channel pattern modification. By increasing
hydraulic roughness and favoring bar stabilization, forest expansion exerts an
internal control on the alluvial mosaic and contributes to a reduction in bed width.
The genesis of a floodplain forest is, in fact, accompanied by the development of
tree units within the active channel, and therefore rivers draining forest corridors
are generally not as wide as those located in prairie sectors [125]. Internal factors,
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which are biological or physical, are in fact interrelated and adjusted with the
external factor changes. This afforestation is different from situations observed
downstream of flood control dams [126]. Its evolution is more progressive and
more long term, as riparian vegetation eventually adjusts to natural hydrological
variations. This phenomenon also differs from other cases of piedmont river
evolution where vegetation metamorphosis has been found to be due to floodplain
abandonment by farmers [127].

Fig. 2.8 An evolving land use: intense deforestation in the eighteenth century (agro-pastoral
communities); intense gullying (source RTM)

Fig. 2.9 An evolving land use: intense deforestation in the nineteenth century (agro-pastoral
communities); intense gullying (source RTM)
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Fig. 2.10 An evolving land use: intense deforstation in the nineteenth century (agro-pastoral
communities); intense gullying (source RTM)

Fig. 2.11 Evaluation of active channel average width and annual peak flow from 1945 to 1990,
on the middle Ubaye (After Hydro bank data and aerial photographs) (source RTM)
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Fig. 2.12 An evolving land use: intense deforestation for torrential control during the twentieth
century: 1987 (source RTM)

Fig. 2.13 An evolving land use: during the twentieth century, intense reforestation for torrential
control (source RTM)
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2.10 Physical Characteristic of Flood Hazard

In the frame of hazard assessment, flood events are analyzed by means of recur-
rence intervals and spatial–temporal flood characteristics [128]. Flood hazard
estimation is based on the factors such as the triggering factors causing the hazard,
their spatial extent, duration and time of onset, including their frequency and
magnitude of occurrence, and secondary events influencing the event if any [129].
The flood characteristic creates a clear understanding of the flood plain, and gives
the understanding to the flood hazard behavior. The flood characteristic is not only
described by flood inundation, but also by inundation depth, flow velocity, inun-
dation duration; volume of water, surface area, stream power, and so on. Access to
all this information is possible by flood simulation using hydrodynamic modeling.

Alkema [130] emphasized that the hazard estimation is also based on the output of
the model simulation in the form of parameter maps such as flood velocity, depth of
water, and flood impulse. The pre-requisite for flood hazard is estimated by its fre-
quency analysis or return period calculation [131]. Hydrographs for different return
periods are the basis for understanding the hydrologic response of the basin [132].

The following characteristics are important in terms of the physical hazard
posed by floods event:

a. The depth of water and its spatial variability;
b. The extent of inundation, and in particular the area that is not normally covered

with water;

Fig. 2.14 An evolving land
use: during the twentieth
century (source [93])
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c. The water velocity and its spatial variability;
d. Duration of flooding;
e. Capacity for erosion and sedimentation (In this research this parameter did not

conclude due to lack of data)

The importance of water velocity should not be underestimated, as high
velocity water can be extremely dangerous and destructive. In the case of a flood
flowing into a reservoir, the flood volume and possibly hydrograph shape should
be added to the list of important characteristics. In most cases, however, the flow
rate is important because it is used, in conjunction with the topography and con-
dition of the channel/floodplain in determining the water depth, velocity, and area
of inundation. Characteristics such as the number of rivers and streams involved in
a flood event, total size of the affected area, duration of flooding, and the sud-
denness of onset are related to the cause of flooding. Usually, these space–time
factors are determined primarily by the space–time characteristics of the causative
rainstorm and secondarily by watershed characteristics such as area and slope.
Because of the seasonality of flood-producing storms or snowmelt, the probability
of floods occurring in a given watershed can differ markedly from season to
season. On a given river, small floods (with smaller discharges, lower stages, and
limited aerial extent) occur more frequently than large floods. Flood-frequency
diagrams are used to illustrate the frequency with which floods of different
magnitudes occur. The slope of the flood-frequency relation is a measure of the
variability of flooding [22].

The development of the flood hazard map, and its subsequent reviews, will be
carried out to include as much information to assist future researches. The flood
hazard maps in this thesis cover the geographical areas which could be flooded
according to the following scenarios:

a. Floods with a low probability, or extreme event scenarios;
b. Floods with a medium and high probability (return period B100 years);
c. Floods with a high probability (with the assumption of dyke failure).

For each scenario referred the following elements are shown:

a. The flood extent;
b. Water depths or water level;
c. Where appropriate, the flow velocity or the relevant water flow.

Simulation and modeling for flood estimation is a rapidly developing field in
hydrology. The flood simulation and model results provide the authorities with
relevant information on how the flood is going to behave at the location where
people live and how the flood will affect them [133].

2.10 Physical Characteristic of Flood Hazard 39



2.11 Presentation of Hazard Assessment

In order to have available and more effective tools for providing the people with
information, as well as a valuable basis for priority setting and further environ-
mental, technical, financial, and political decisions regarding flood hazard/risk
management, it is necessary to establish flood hazard maps. These maps are
showing the potential adverse consequences associated with different flood sce-
narios, including information on potential sources of environmental damages as a
consequence of floods [37, 134].

Assessment of flood hazard is extremely important in hydraulic design, river
engineering, and land management, e.g., the construction of buildings and resi-
dence is often restricted in high flood hazard areas and flood plain. Critical
facilities such as hospitals or nuclear power plants should be constructed and
located in low-flood-hazard areas or in areas where the flood hazard is essentially
zero [135]. For locations where dam failure may occur in case of massive flooding,
dam spillways must be fit designed to pass extremely large floods without dam
failure occurrence [22].

Maps are the standard format for presenting flood hazards. Areas subject to
flooding are indicated on topographic base maps through shading, coloring, or
drawing lines around the indicated area. The flood-hazard areas may be divided
according to severity (deep or shallow), type (quiet water or high velocity), or
frequency of flooding. Different symbols (different types of shading, colors or
lines) should be used to clearly indicate the different types of flood-hazard area,
and there should be written explanations, either on the map or in an accompanying
report, as to the exact meaning of the symbols. The maps will be easier to read if
extraneous information is omitted from the base maps. Maps should always have a
graphic scale. Numeric scales (e.g., 1:1 000) lose their validity when the map is
reduced or enlarged. Ancillary information may accompany the basic maps: flood-
frequency diagrams; longitudinal profiles or channel cross-sections showing water
level as a function of flood frequency; information on velocity; suddenness of
onset; duration of flooding; the expected causes; and season of flooding.

The actual maps can be prepared manually using standard cartographic tech-
niques or with a GIS. The format and scale of a hazard map will depend on the
purpose for which it is used, and it may be desirable to have more than one type of
map. High-resolution flood maps are necessary to show the exact location of the
flood hazard. Such maps may be used by individuals and authorities to direct new
construction into relatively safe areas. For purposes of disaster preparedness,
planning and relief efforts, it is best to have maps which depict all types of hazards
(natural and human induced).

Disaster-planning maps should also show population and employment centers,
emergency services and emergency shelters, utilities, locations of hazardous
materials, and reliable transportation routes. It is useful to show which bridges and
roads are likely to be made impassable by flooding of various magnitudes, and
which are likely to be passable under all foreseeable conditions. Even if a disaster-
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response plan has not been formulated, these maps can be used in the event of a
disaster to direct relief to critical areas by the most reliable routes. Photographs are
one of the most effective ways of communicating the consequences of a hazard. If
photographs that are appropriate to the local nature of the hazard accompany
hazard maps, then more people are likely to pay attention to them. Communication
of the infrequent and probabilistic nature of the hazard is important, though dif-
ficult. This is particularly important in areas protected by levees. Hazard maps
should be made widely available in paper format to local communities and
authorities. They should be distributed to:

a. Those who may be involved in disaster-relief efforts;
b. The public; and
c. Those who may be in a position to implement mitigation measures.

For planning and evacuation procedures, the demand for flood information and
digital maps has been increased. Ideally, the key organizations involved in
disaster-relief efforts will have the maps displayed permanently on a wall, and will
have studied the maps and instituted disaster planning. Ideally, the public, com-
munity leaders, and government bodies will also study the maps and appreciate
that prevention is worthwhile, and implement appropriate mitigation measures.
Also, near full-scale disaster exercises may be conducted periodically to maintain
the readiness of disaster relief and management organizations, and to keep the
public aware of the potential hazard [22].

2.12 Chapter Summary

This chapter gave a comparative overview of the major challenges faced when
dealing with hydrodynamic simulation and flood hazard. In the first part, definition,
source, and implication of digital elevation model were explained. DEM is usually
produced form sampled or observed data. Spurious sinks or local depressions in
DEMs are frequently encountered and are a significant source of problems in
hydrological applications. In this case, application of interpolation techniques
seems to be necessary to correct DEMs. Therefore, in this part, the attempt was
introducing different interpolation techniques drainage network estimation coupled
with advantages and disadvantages of these methods and their application in dif-
ferent research fields. In the next part, flood hazard, concepts, definition, types, and
causes were defined. Then, the focus was on providing a background to climate
change and land use change as the most important triggering factors which affects
on flood events. This background was overviewed and estimated from global to
local (Barcelonnette area) based on different scientific researches. According to
previous researches, there have been adverse flood hazard changes due to climate
change. Many investigators believe that climate change is expected to have sub-
stantial impacts on hydrology on global, regional and local scale. According to
IPCC, increasing trend in temperature was distinguished about +0.90 �C in Europe.
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In some other researches negative trend in annual precipitation was found in the
east of Europe. IPCC [38–40] also reported that there was a 10–40 % increasing
trend in precipitation in the t century in northern Europe but, on the other hand,
there was up to a 20 % decreasing trend in the southern part of Europe. Apart from
climatic factors, another significant reason, for increasing flood hazards can be
related to non-climatic anthropogenic factors: Changes in socioeconomic systems
include land-use changes such as deforestation, urbanization, elimination of
floodplains area, as well as river regularizations which leads to reducing of infil-
tration capacity and increasing of runoff coefficient. In recent decades, the scientific
investigation shows that a lot of inundation has occurred in Europe causing loss of
human lives and financial damages which have been aggravated, in several cases,
by the intense urbanization of flood-prone areas.

For Barcelonnette area, the effect of climate change on landslide and slop
stability using downscaling methods was investigated by some researchers. The
general results were higher temperatures in summer, more rainy winters and
spring, drier summers with decreasing precipitation, and a decrease in soil water
content. In terms of land-use change, many authors have addressed in their
investigations to deforestation in the floodplains of the rivers in south-eastern
France in the late eighteenth and nineteenth centuries ([122]. In contrast with the
vegetation explosion of the early twentieth century, changes were observed over
shorter time periods and in smaller areas, in the riparian forest active channel
contacts. Bravard [123] realized that anthropogenic factors played a major part in
initiating active channel restriction at the turn of the century, with climate change
as a secondary factor in Barcelonnette area.

In the next chapter, the methodology applied in this research will be explained
in details.
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